Rsp5 is an essential ubiquitin ligase in Saccharomyces cerevisiae. We have found that the Ala401Glu rsp5 mutant is hypersensitive to various stresses, suggesting that Rsp5 is a key enzyme for yeast cell growth under stress conditions. The ubiquitination and the subsequent degradation of stress-induced misfolded proteins are indispensable for cell survival under stress conditions. In this study, we analyzed the ubiquitin-conjugating enzyme Ubc4 and the poly-ubiquitination of targeted proteins involved in the function of Rsp5 under ethanol stress conditions. Ubc4 was found to be important in yeast cell growth and poly-ubiquitination of the bulk proteins in the presence of ethanol. The general amino acid permease Gap1 is poly-ubiquitinated via Lys63 and is down-regulated after the addition of ammonium ions through a process requiring Rsp5. We found that Gap1 was removed from the plasma membrane in the presence of ethanol in a Rsp5-dependent manner, and that the disappearance of Gap1 required Ubc4 and involved the lysine residues of ubiquitin. Our results also indicate that Lys6 of ubiquitin might inhibit the disappearance of Gap1. These results suggest that Rsp5 down-regulates the ethanol-induced misfolded forms of Gap1. In addition, it appears that the substrates of Rsp5 are appropriately poly-ubiquitinated via different lysine residues of ubiquitin under various growth conditions.
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Ubiquitination in many cases targets abnormal or short-lived proteins for proteasome-mediated degradation [1] [2] [3] or, as has been found for some membrane proteins, for internalization and degradation via the vacuolar pathway. 4, 5) It requires the concerted action of three classes of enzymes: ubiquitin-activating enzymes (E1 or Uba), ubiquitin-conjugating enzymes (E2 or Ubc), and ubiquitin ligases (E3). First, ubiquitin is activated by E1 in an ATP-dependent reaction through the formation of a high-energy thioester intermediate between E1 and ubiquitin. Ubiquitin is then transferred to a substrate protein either by E2 alone or in conjugation with E3. This final step plays a major role in substrate recognition.
Yeast Saccharomyces cerevisiae cells are exposed to environmental stresses during fermentation. Stress induces protein denaturation, generates abnormal proteins, and leads to growth inhibition or cell death. Hence, stress tolerance is of crucial importance in industrial yeasts. We have isolated a mutant that shows hypersensitivity to various stresses that induce protein misfolding in the cell, such as toxic amino acid analogs, high growth temperature in a rich medium, ethanol, and heat-shock treatment. 6) This mutant carried a single amino acid change replacing Ala (GCA) at position 401 in the WW3 domain with Glu (GAA) in the allele of RSP5 encoding an essential ubiquitin ligase. Since Rsp5 mediates DNA damage-induced degradation of the large subunit of RNA polymerase II via the proteasomemediated pathway, 7) we proposed that Rsp5 is involved in the degradation of stress-induced denatured abnormal proteins. 6 ) Recently, we showed that Rsp5 primarily regulates the expression of two major transcription factors, Hsf1 and Msn2/4, which are required for stress protein gene expression, at the post-transcriptional level, and that it is involved in the repair system of stressinduced abnormal proteins. 8, 9) The Rsp5 protein is also known to ubiquitinate plasma membrane permeases such as Gap1 permease, followed by endocytosis and vacuolar degradation. [10] [11] [12] [13] Hence, it is of interest to determine whether the misfolded proteins generated by these stresses are ubiquitinated by Rsp5. On the other hand, in S. cerevisiae, previous reports indicated that some ubc mutants, including ubc7, ubc4, and ubc5, have increased sensitivity to stresses such as high temperature, amino acid analogs, and cadmium. 14, 15) In addition, we have showed that co-overexpression of Rsp5 and some ubiquitin-conjugating enzymes enhances stress tolerance in S. cerevisiae. 16) Based on this evidence, some Ubcs are believed to participate in the degradation of stressinduced abnormal proteins with Rsp5.
Ubiquitin contains seven lysine residues that can be used as acceptor sites for additional ubiquitin molecules, forming poly-ubiquitin chains. Mono-ubiquitination of membrane proteins is involved in endocytosis, 17) and Lys48-linked poly-ubiquitin chains provide an important recognition signal for degradation in the proteasome. 18) Moreover, Lys6-and Lys63-linked poly-ubiquitin chains serve non-proteolytic functions in DNA repair pathways. [19] [20] [21] [22] Although Rsp5 catalyzes mono-ubiquitiy To whom correspondence should be addressed. Tel: +81-743-72-5420; Fax: +81-743-72-5429; E-mail: hiro@bs.naist.jp nation and Lys63-linked poly-ubiquitination of substrates, it is unclear which type of ubiquitination occurs when catalyzed by Rsp5 under stress conditions. We found here that Ubc4 plays an important role with Rsp5 in the presence of ethanol. In addition, the ethanolinduced disappearance of the general amino acid permease Gap1 from the plasma membrane did not occur without Ubc4, and involved the lysine residues of ubiquitin except for Lys6.
Materials and Methods
Strains and plasmids. All the yeasts used in this study were S. cerevisiae strains with an S288C background. S. cerevisiae wildtype strain INV-RSP5 (MATa his3-Á1 leu2 trp1-289 ura3-52 rsp5::TRP1 p366-RSP5[LEU2]) and its rsp5 mutant INV-A401rsp5 (MATa his3-Á1 leu2 trp1-289 ura3-52 rsp5::TRP1 p366-A401rsp5[LEU2]) were contructed from strain INVSc1 (MATa his3-Á1 leu2 trp1-289 ura3-52) (Invitrogen, Carlsbad, CA), as described previously. 6 
] was used to construct plasmids containing the myc-tagged ubiquitin gene. Yeast episomal plasmid pYES2 (Invitrogen), which contains the URA3 gene, was used to complement the auxotrophic markers and to express the RSP5 and myc-tagged ubiquitin genes in S. cerevisiae. Plasmid pFA6a-3HA-kanMX6 (supplied by K. Kitamura), which contains the kanamycin/G418 resistant cassette, 23) was used in disruption of UBC4.
Culture media. The media used for the growth of S. cerevisiae were a nutrient medium YPD (2% glucose, 1% yeast extract, and 2% peptone) and a synthetic minimal medium SD (2% glucose, 0.67% Bacto-yeast nitrogen base without ammonium sulfate and amino acids; Difco Laboratories, Detroit, MI). Antibiotic G418 (final concentration, 200 mg/ml) was added to YPD medium for selection of UBC disrupted clones. The SD medium contained 10 mM (NH 4 ) 2 SO 4 (SD+Am) or 10 mM L-proline (SD+Pro) as the sole nitrogen source. A synthetic complete medium SC consisted of 2% glucose, 0.67% Bacto-yeast nitrogen base without amino acids (Difco Laboratories), and a drop-out mix lacking leucine and uracil (SC-Leu-Ura) or leucine (SC-Leu). In induction of the expression of wild-type ubiquitin and mutant ubiquitin genes, 2% galactose and 2% raffinose were used as the carbon source instead of glucose. E. coli recombinant strains were grown in LuriaBertani (LB) complete medium containing 50 mg/ml of ampicillin. When necessary, 2% agar was added to solidify the medium.
Analytical methods. The enzymes used in DNA manipulations were obtained from Takara Bio (Ohtsu, Japan). DNA sequencing was performed by the dideoxy chain termination method with a BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA) and an ABI PRISM 3100 (Applied Biosystems).
Site-directed mutagenesis and construction of expression plasmids for the UBI4 gene. The DNA fragment containing the first ORF of the ubiquitin gene in UBI4 was amplified by PCR done with genomic DNA from strain INV-RSP5 and oligonucleotide primers, Ub-Myc(þ)-HindIII corresponding to the 5 0 -end of the ubiquitin gene containing the HindIII site and myc-tag sequence, and Ub-wt(À)-SacI corresponding to the 3 0 -end of the first ORF of the ubiquitin gene in UBI4 containing the SacI site ( Table 1 ). The unique amplified band of 780 bp corresponding to the ubiquitin gene was digested with HindIII and SacI and then ligated into the HindIII and SacI sites of pYES2 to construct pYES2-Myc-WTUb, which contains the myc-tagged ubiquitin gene. Replacement of Lys6, Lys11, Lys29, Lys48, and Lys63 by Arg in ubiquitin were performed by PCR with oligonucleotide primers K6Rþ, K6RÀ, K11Rþ, K11RÀ, K29Rþ, K29RÀ, K48Rþ, K48RÀ, K63Rþ, and K63RÀ respectively (Table 1) . Plasmid pYES2-Myc-WTUb was used as the template DNA in site-directed mutagenesis by an overlap extension method. 24) The resulting amplified 780-bp fragments were digested with HindIII and SacI and then ligated into the HindIII and SacI sites of pYES2. The mutations were confirmed by DNA sequencing.
Disruption of the UBC4 gene. In UBC4 disruption, a DNA fragment containing kanMX6 cassette (1.9-kb) was amplified by PCR performed with pFA6a-3HA-kanMX6 as template and the oligonucleotide primers listed in Table 1 . The wild-type INV-RSP5 strain and the rsp5 mutant INV-A401rsp5 strain were transformed with a PCRamplified DNA fragment containing the kanMX6 cassette and the upstream and downstream sequences of UBC4, and G418-resistant transformants were selected for the ubc4 single disruptant and rsp5/ ubc4 double mutant. Correct integration was confirmed by PCR.
Western blot analysis. Yeast cells were cultured to exponential growth phase (OD 600 of 1.0) in SD+Pro medium, and plasma membrane-enriched fractions before and 2 h after the addition of 10 mM (NH 4 ) 2 SO 4 or 10% ethanol were prepared as described previously.
12) The cells were harvested and washed, and whole-cell extracts were prepared by vortexing the cells with glass beads. The membrane-enriched fractions was collected by centrifugation for 45 min at 15;000 Â g, suspended in 0.1 M Tris-HCl buffer (pH 7.5) containing 0.15 M NaCl, 5 mM EDTA, and 5 M urea, kept on ice for 30 min, and sedimented as above. The resulting pellets were resuspended in 0.1 M Tris-HCl buffer (pH 7.5) containing 0.15 M NaCl, 5 mM EDTA, and 10% TCA, and boiled for 10 min.
In Western blot analysis, the supernatant (3 mg of solubilized proteins) after centrifugation (10 min at 15;000 Â g) was loaded on a 10% SDS-polyacrylamide gel by Laemmli's system. 25) Gap1, Pma1, and ubiquitinated proteins were detected using an ECL Plus Western Blotting Detection System (GE Healthcare, Piscataway, NJ) and antiGap1 polyclonal antibody at a 1:30,000 dilution (supplied by B. André), anti-Pma1 monoclonal antibody at a 1:4,000 dilution (Funakoshi, Tokyo, Japan), and anti-ubiquitin monoclonal antibody (P4D1) at a 1:1000 dilution (Santa Cruz Biotechnology, Santa Cruz, CA). Protein concentrations were determined using a Bio-Rad (Hercules, CA) protein assay kit with bovine serum albumin as the standard protein.
Results

Growth of E2-deleted strains under ethanol stress conditions
During fermentation processes, yeast cells are exposed to various stresses including high concentrations of ethanol, high osmolarity, and high or low temperature. In particular, ethanol has three major toxic effects on yeast cells: 26) it inhibits cell growth, cell viability, and fermentation. In terms of industrial applications, ethanol tolerance is essential for yeast cells. Among E2 enzymes, it has been reported that Ubc4 participates in Rsp5-mediated ubiquitination of substrates. 27) Hence, to assess the need for ubiquitin-conjugating enzymes under ethanol stress conditions, we constructed ubc4Á mutants of wild-type (INV-RSP5) cells and rsp5 mutant (INV-A401rsp5) cells, and examined their growth phenotypes in the presence of 15% ethanol (Fig. 1) . In the wild-type strain, disruption of the UBC4 gene increased sensitivity to ethanol. We also found that the rsp5 mutant and the double mutant strain rsp5/ ubc4Á exhibited similar sensitivity to ethanol. Based on these results, Ubc4 and Rsp5 can be considered to play crucial roles in yeast cell growth in the presence of ethanol.
Analysis of total ubiquitinated proteins in the rsp5/ ubc4Á strain under ethanol stress conditions
To determine the effect of disruption of UBC4 on the ubiquitination of proteins in the rsp5 mutant in the presence of ethanol, we analyzed the ubiquitinated proteins in the rsp5/ubc4Á strain by Western blotting using anti-ubiquitin antibody (Fig. 2) . The total amounts of ubiquitinated proteins in the rsp5/ubc4Á strain significantly decreased in comparison to those in the rsp5 mutant carrying wild-type UBC4 in the presence of ethanol. This result suggests that Ubc4 is involved in the ubiquitination of ethanol stress-induced denatured proteins. In addition, it raises the possibility that Ubc4 functions in cooperation with an ubiquitin ligase(s) other than Rsp5 in the presence of ethanol.
Behavior of the general amino acid permease Gap1 on the plasma membrane under ethanol stress conditions
We have reported that Rsp5 might participate in the selective degradation of stress-induced abnormal proteins, 6) but, it remains unclear what proteins are denatured, ubiquitinated, and degraded under stress conditions. The general amino acid permease Gap1 is rapidly inactivated and degraded by poly-ubiquitination with Lys63-linked chains by the addition of ammonium ions to yeast cells growing on proline through a process requiring Rsp5. 28) Abe and Horikoshi reported that Gap1 and the high-affinity tryptophan permease Tat2 in the plasma membrane may be extremely sensitive to elevated hydrostatic pressure, which causes dramatic conformational change, in membrane structure, leading to Rsp5-mediated ubiquitination and degradation. 29) These observations suggest that it is possible that the cell surface protein Gap1 is denatured and degraded in SC-Leu + 15% Ethanol the presence of ethanol and that Rsp5 is involved in the specific degradation of abnormal Gap1 proteins.
After the addition of ammonium ions, Gap1 in the wild-type strain was removed from the plasma membrane, whereas Gap1 in the rsp5 mutant remained stable, with little degradation, as occurred in previous studies. 6, 30) To determine the effect of ethanol on the protein levels of Gap1 on the plasma membrane, we carried out Western blot analysis of membrane-enriched extracts using anti-Gap1 antibody (Fig. 3) . The Gap1 proteins in the wild-type strain were hardly detectable on the plasma membrane 2 h after the addition of ethanol, although there was no significant change in the protein levels of Gap1 in the rsp5 mutant. This suggests that Rsp5 is involved in the ethanol-induced downregulation of Gap1, in addition to its nitrogen-regulated degradation. As shown in Figs. 1 and 2 , Ubc4 plays an important role in the growth of yeast cells in the presence of ethanol. It is also noteworthy that a major Gap1 signal was seen in the ubc4Á mutant in the presence of ethanol (Fig. 3) . This suggests that the ubiquitin-conjugating enzyme Ubc4 is involved in the disappearance of Gap1 from the plasma membrane in the presence of ethanol.
It is believed that the formation of poly-ubiquitin chains is important in the degradation of stress-induced abnormal proteins. To identify the lysine residue of ubiquitin in the disappearance of Gap1 from the plasma membrane in the presence of ethanol, we transformed rsp5 mutant cells using high-copy plasmids containing wild-type and mutated ubiquitin genes, including K11R, K29R, K48R, and K63R. After the addition of ammonium ions, Gap1 was removed from the plasma membrane in rsp5 cells overexpressing the wild-type ubiquitin and its variants, except for K63R (Fig. 4) . On the other hand, we found that Gap1 in rsp5 cells overexpressing the ubiquitin variants, except for K6R, remained on the plasma membrane even in the presence of ethanol (Fig. 4) . It appears that the K6R variant accelerates the disappearance of Gap1 from the plasma membrane. These results suggest that Lys6 of ubiquitin inhibits the efficient disappearance of Gap1, which requires other lysine residues at position 11, 29, 48, or 63, whereas the addition of ammonium ions triggers poly-ubiquitination of Gap1 through Lys63.
Discussion
In this study, we found that Ubc4 plays an important role in yeast cell growth and the poly-ubiquitination of bulk proteins in the presence of ethanol. The UBC4 and UBC5 genes, which encode almost identical ubiquitin- Membrane-enriched extracts from S. cerevisiae INV-RSP5 (the wild-type) and INV-A401rsp5 (the rsp5 mutant) lacking UBC4 were prepared before and 120 min after no addition or addition of (NH 4 ) 2 SO 4 and ethanol, and the protein levels of Gap1 were analyzed by Western blot analysis using anti-Gap1 polyclonal antibody. Plasma membrane H þ -ATPase Pma1 was used as a protein-loading control. Membrane-enriched extracts from S. cerevisiae INV-A401rsp5 (the rsp5 mutant) harboring pYES2 (+vector), wild-type ubiquitin (+Ub), K6R variant ubiquitin (+K6R-Ub), K11R variant ubiquitin (+K11R-Ub), K29R variant ubiquitin (+K29R-Ub), K48R variant ubiquitin (+K48R-Ub), and K63R variant ubiquitin (+K63R-Ub) under the control of the GAL1 promoter were prepared before and 120 min after the addition of (NH 4 ) 2 SO 4 and ethanol, and the protein levels of Gap1 were analyzed by Western blot analysis using anti-Gap1 polyclonal antibody. Plasma membrane H þ -ATPase Pma1 was used as a protein-loading control.
Gap1
conjugating enzymes (92% identity), have been reported to complement each other's functions in S. cerevisiae.
14)
Ubc4 is thought to function mainly in the growth of budding yeast cells, since UBC4 is expressed in growing cells whereas its expression is hardly detectable in their stationary phase, while UBC5 shows weak expression during exponential growth but its expression increases drastically upon the transition to the stationary phase in yeast cells. It is also probable that these two enzymes are involved in the degradation of abnormal proteins generated in the presence of amino acid analog, which may involve the degradation of stress-induced abnormal proteins. As shown in Fig. 1 , both the ubc4Á and the rsp5 mutant strain were more sensitive to ethanol than the wild-type strain was. Because single mutants (ubc4Á and rsp5) and rsp5/ubc4Á exhibited similar ethanol sensitivity, Ubc4 and Rsp5 must be involved in cell growth in the presence of ethanol. This suggests that these enzymes play important roles in the degradation of ethanol-induced abnormal proteins.
On the other hand, the total amounts of ubiquitinated proteins in the rsp5/ubc4Á strain were clearly smaller than those in the rsp5 mutant under exposure to ethanol stress (Fig. 2) . Since Ubc4 can be considered epistatic to Rsp5 in the same pathway in which they might function, we surmise that the ubiquitin-conjugated forms of Rsp5 are rarely present in the absence of Ubc4 under ethanol stress conditions. Our previous work suggests that the rsp5 mutant fails to ubiquitinate stress-induced abnormal proteins. 6) Hence, although we did not obtain data for the wild-type strain and the single ubc4 deletion mutant, it is probable that each mutant (ubc4Á and rsp5) contains a small quantity of ubiquitinated proteins as compared with the wild-type strain. Judging from the results shown in Figs. 1 and 2 , the pattern of growth phenotype and the degree of protein ubiquitination mediated by Ubc4 and Rsp5 are not correlated under ethanol stress conditions. Western blot analysis was done using rsp5 mutant cells in the early growth phase (Fig. 2) , and a spot assay was derived from the stationary phase of the cells (Fig. 1) . We speculate that the growth phase of yeast cells results in differences in the contributions of Ubc4 and Rsp5 under ethanol stress conditions. We cannot exclude the possibility that ethanol induces inactivation of other E2 enzymes or deubiquitination of ubiquitin-protein moieties. Further analysis is necessary to identify the functions of Rsp5 and Ubc4 in the presence of ethanol, because Ubc4 is involved in stress tolerance with E3 ubiquitin ligases other than Rsp5. 31) Our results suggest that Gap1 is downregulated by Rsp5 in the presence of ethanol. This downregulation perhaps involves the Ubc4 protein and the ubiquitination of Gap1 with Lys-linked chains, except for Lys6. It is possible that the ubiquitination of Gap1 is mediated by different ubiquitin-conjugating enzymes under various physiological conditions (non-stress and stress). The Gap1 protein is a substrate of Rsp5 when ammonium ions are added to proline-grown yeast cells, but it is unclear whether this permease is also a substrate of Rsp5 under ethanol stress conditions. Our results suggest the possibility that Gap1 is ubiquitinated by Rsp5 in cooperation with Ubc4 in the presence of ethanol. A previous report 27) indicated that Gap1 is poly-ubiquitinated via Lys63 of ubiquitin catalyzed by Rsp5 in nitrogen-regulated degradation. In the presence of ethanol, lysine residues-linked chains, except for Lys6, play important roles in the disappearance of Gap1. It also appears that Lys6 of ubiqitin inhibits the efficient disappearance of Gap1 (Fig. 4) , but further investigation is required to determine the role of poly-ubiquitination via these lysine residues of ubiquitin. Similarly, identification of the lysine residue of ubiquitin is an important challenge in clarifying how the poly-ubiquitination of Gap1 regulates the activity under other environmental stress conditions. Krsmanović and Kölling 32) presented evidence that Rsp5 function is important in ubiquitin homeostasis. Several observations suggest that ubiquitin is limiting in the rsp5-1 mutant. Overexpression of the wild-type and mutant ubiquitins, except for the K6R variant, suppressed the ethanol sensitivity of the rsp5 mutant strain (data not shown). In addition, recent work indicates that mutation of Lys6 inhibits the proteasomal degradation of proteins modified with polyubiquitin linked through other lysine residues. 33) Thus the K6R variant might not only prevent elaboration of Lys6 chains but also directly affect the stability of proteins carrying K6R molecules attached via different linkages. The effects of mutant ubiquitins might also be indirect, for example affecting the stability of proteins that themselves impact Gap1-indeed that must be the conclusion if K6R variant ubiquitin does inhibit turnover. Our results also suggest the possibility that K6R mutant ubiquitins adversely affect the function of wild-type ubiquitin as a dominant negative effect. To answer these questions, we will further examine the effect of overexpression of mutant ubiquitin on the pattern of poly-ubiquitinated proteins under ethanol stress conditions.
In terms of the applied aspects of this research, we have found an enhancement of stress resistance in S. cerevisiae by the co-overexpression of Rsp5 and the appropriate E2. Hence, if the function of an E3 like Rsp5 and an E2 like Ubc4 can be improved, as described previously, 16) it may be possible to confer stress tolerance on yeast cells. This approach might prove a useful method of breeding novel stress-tolerant industrial yeast strains.
